Ubiquitin-specific protease 22 (USP22) is a member of the "death-from-cancer" signature, which plays a key role in cancer progression. Previous evidence has shown that USP22 is overexpressed and correlates with poor prognosis in glioma. The effect and mechanism of USP22 in glioma malignancy, especially cancer stemness, remain elusive. Herein, we find USP22 is more enriched in stem-like tumorspheres than differentiated glioma cells. USP22 knockdown inhibits cancer stemness in glioma cell lines. With a cell-penetrating TAT-tag protein, B cell-specific Moloney murine leukemia virus integration site 1 (BMI1), a robust glioma stem-cell marker, is found to mediate the effect of USP22 on glioma stemness. By immunofluorescence, USP22 and BMI1 are found to share similar intranuclear expression in glioma cells.
involved in glioma stemness such as POSTN, HEY2, PDGFRA and ATF3. In vivo study with nude mice confirms the role of USP22 in promoting glioma tumorigenesis by regulating BMI1. All these findings indicate USP22 as a novel deubiquitinase of BMI1 in glioma. We propose a working model of the USP22-BMI1 axis, which promotes glioma stemness and tumorigenesis through oncogenic activation. Thus, targeting USP22 might be an effective strategy to treat glioma especially in those with elevated BMI1 expression.
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| INTRODUCTION
Glioma is one of the most common intracranial primary tumors.
1 For years, despite conventional therapeutic strategies including surgery, radiation, and chemotherapy, median survival was hardly improved.
2
As a small side population in the tumor bulk, glioma stem-like cells (GSC) have been widely regarded as the main cause of glioblastoma multiforme refractoriness. 3, 4 Hence, specific targeted therapies especially aiming at eliminating GSC will render great significance to therapeutic advancement and prognostic improvement.
The polycomb gene B cell-specific Moloney murine leukemia virus integration site 1 (BMI1) is a core member of the polycomb repressive complex 1 involved in cell development by epigenetic modification. 5 Multiple studies have shown that BMI1 is frequently overexpressed and responsible for tumorigenesis in many types of cancers, such as colorectal cancer and lung adenocarcinoma. 6, 7 BMI1
is a robust stemness-related factor in glioma. It can not only promote proliferation, migration, and invasion of differentiated glioma cells, 8 but can regulate self-renewal, apoptosis, and immunogenicity of GSC. 9 However, the mechanism for BMI1 overexpression in glioma remains not fully understood.
Ubiquitin-specific protease 22 (USP22) is a member of deubiquitinases (DUB) in mammals, which contains an N-terminal zinc-finger domain for substrate interaction and a C-terminal ubiquitin-specific peptidase domain for protein deubiquitination. 10 As a component of the human Spt-Ada-Gcn5-acetyltransferase complex, USP22 is involved in epigenetic modification for gene transcription. 11 Moreover, USP22 can also catalyze protein stabilization through cleaving the Ub moieties from target substrates to prevent them from proteolytic degradation. [12] [13] [14] USP22 is a member of the 11-gene death-from-cancer signature; thus, it is deemed as a putative cancer stem-cell marker, which has been extensively studied in a broad range of cancers. [15] [16] [17] [18] However, the effect and mechanism of USP22 in glioma malignancy, especially cancer stemness, remains largely unknown.
Here, we show that USP22 is more enriched in stem-like tumor- Table S1 .
| Cell culture
Established glioma cell lines, including LN229, U251, U87MG, and A172, as well as the HA astroglial cell line, were purchased from the Chinese Academy of Sciences Cell Bank. Authenticity of the cancer cell lines was tested by short tandem repeat profiling. All cell lines were cultured in DMEM medium (Gibco, Waltham, MA, USA) supplemented with 10% (v/v) FBS (Gibco), 100 U/mL penicillin (Gibco), and 100 U/ mL streptomycin (Gibco) in a 5% CO 2 atmosphere. GSC were cultured in a serum-free medium (SFM) composed of DMEM/F12 (Gibco), 20 ng/mL basic fibroblast growth factor (Peprotech, Rocky Hill, NJ, USA), 20 ng/mL epidermal growth factor (Sigma, St Louis, MO, USA), and 20 lg/mL B27 supplement (Life Technologies, Carlsbad, CA, USA).
| Viral packaging and lentivirus transfection
The oligonucleotides shown in Table S2 were annealed and cloned into vector LV3 (pGLVH1/GFP + Puro) (Shanghai GenePharma, Shanghai, China) to generate specific shRNA-expressing plasmids. The lentivirus transfection procedure has been described in a previous study. The construction and transduction procedure of the cell-penetrating peptide TAT has been described in a previous study. 19 In a typical procedure, the DNA sequence encoding BMI1 and USP22 was PCRamplified from a full-length human BMI1 (BC011652; Proteintech 
| Tumor migration and invasion assays
The procedure of tumor migration and invasion assays is indicated in Appendix S1.
| Quantitative RT-PCR analysis
The procedure of quantitative RT-PCR analysis has been described in the previous study. 8 HPRT1 was selected as the endogenous control in the assay. The PCR primer sequences are listed in Table S2 .
| Western blot
The procedure of western blot analysis has been described in the previous study. 8 The antibodies used were USP22 (ab4812), POSTN at 4°C. Then, the beads were washed 4 times with 1 mL ice-cold lysis buffer, and the immunoprecipitated proteins were released from the beads by boiling the sample buffer for 2 minutes. The proteins were detected by western blot assay as previously mentioned.
| Protein stability assay
Protein stability was analyzed by seeding the equivalent cell number and, 24 hours later, the sample was treated with 10 mg/mL cyclo- 
| Immunohistochemistry staining
Tumors were fixed with 10% formalin, followed by paraffin embedding and sectioning. The protocol has been described in a previous study. 19 Percentages of positive tumor cells scored 0 (0% to 25%), 1 (26% to 50%), 2 (51% to 75%), and 3 (76% to 100%).
The scores were graded as follows: 0 (negative), 1 (weak), 2 (moderate), or 3 (strong) positively according to the staining intensities.
The final scores were the arithmetic product of the percentage and staining intensity, that is, (À) = 0, (+) = 1 to 3, (++) = 4 to 6, (+++) = 7 to 9.
| Immunofluorescence and H&E staining
Procedure of immunofluorescence has been described in a previous study. 8 Primary antibodies used were USP22 (ab4812; Abcam) and BMI1 (66161-1-Ig; Proteintech). Slides were photographed using a confocal microscope (Olympus, Tokyo, Japan). For H&E staining, fixed tumors were embedded in paraffin, cut into 4-lm sections, and stained with H&E (Sigma). Slides were photographed using an optical microscope (Leica, Wetzlar, Germany).
2.14 | In vivo ubiquitination assay that is, *P < .05, **P < .01, and ***P < .001.
3 | RESULTS
| USP22 knockdown attenuates cancer stemness in glioma cells
Considering USP22 is a putative cancer stem cell marker, we explored its effect on glioma stemness. We first compared USP22 expression between stem-like tumorspheres and relatively differentiated adherent cells by western blot. We found that USP22 was more enriched in both the U251 and U87MG cell-derived stem-like tumorspheres ( Figure 1A) .
To study the function of USP22 on glioma malignancy, a pair of USP22
shRNAs were constructed and validated by western blot. The more effective shRNA-2 was chosen for subsequent experiments ( Figure 1B ).
Then, we conducted a limiting dilution assay to evaluate the effect of USP22 on the self-renewal capacity of GSC. The number of cells required to generate at least 1 tumorsphere per well was significantly increased after USP22 depletion in both the U251 (119.5 vs 51.3, P = .038) and U87MG (146.6 vs 50.9, P = .01) cells ( Figure 1C ). To avoid potential off-targets of shRNA-2, we conducted a rescue assay on neurosphere formation with a pTAT-HA-USP22 recombinant protein in U251 cells. First, the result of western blot showed that the recombinant USP22 protein could rescue the effect of USP22 silencing in U251 cells ( Figure 1D ). Then, we found that knockdown of USP22 attenuated the neurosphere formation by decreasing the diameter in U251 cells, which could be reversed by the recombinant USP22 protein.
( Figure 1E,F) . By qRT-PCR analysis, attenuation of glioma stemness could be partially explained by transcriptional inhibition of stemnessrelated factors Oct4 and Nanog as well as by elevation of differentiation markers GFAP and Tuj1 ( Figure S1 ). These findings indicate the important role of USP22 in maintaining glioma stemness and malignancy.
| USP22 sustains glioma stemness partially through maintaining BMI1 expression
Considering BMI1 is a potential target of USP22 in other cancers, 21, 22 we attempted to examine whether BMI1 may mediate the effect of USP22 on glioma stemness. First, we examined the effect of USP22 on BMI1 expression at both post-translational and transcriptional level in U251 and U87MG cells. USP22 knockdown remarkably decreased BMI1 protein level (Figure 2A,B) , but it barely affected BMI1 mRNA level in glioma cell lines (Figure 2C,D) . Then, we purified a transducible TAT-BMI1 protein to conduct a functional rescue assay in U251 cells ( Figure 2E ). First, we ensured the biological activity of TAT-BMI1 protein by detecting its effect on rescuing tumorsphere formation in BMI1-knockdown U251 cells ( Figure 2F ).
Afterwards, the TAT-BMI1 protein was introduced into the USP22-knockdown U251 cells ( Figure 2G ). Compared with the control group, average tumorsphere diameter in the USP22-knockdown group was significantly decreased, but it was rescued by the TAT-BMI1 protein ( Figure 2G ). These results showed that BMI1 mediates the effect of USP22 on glioma stemness.
| USP22 deubiquitinates BMI1 for protein stabilization
Although BMI1 expression can be maintained by USP22, the exact mechanism is elusive. To examine whether USP22 can interact with BMI1, we coexpressed exogenous GFP-BMI1 with either the wildtype or catalytic inactive (C185S) mutant USP22 in HEK293FT cells.
F I G U R E 1 Ubiquitin-specific protease 22 (USP22) knockdown attenuates glioma stemness. A, USP22 overexpression in glioma stem-like cells (GSC) compared with differentiated glioma cells in glioma cells. B, USP22 shRNA efficiency validation by western blot in glioma cells. C, Effect of USP22 on self-renewal of GSC was evaluated by limited dilution assay. Number of cells required to generate at least 1 tumorsphere per well was significantly increased after USP22 depletion in both U251 (119.5 vs 51.3, P = .038) and U87MG (146.6 vs 50.9, P = .01) cells. D, Detection of USP22 expression in negative control, USP22 knockdown and pTAT-USP22 treatment groups in U251 cells by western blot. E, Representative morphology of tumorspheres from the negative control, USP22 knockdown and pTAT-USP22 treatment groups in U251 cells. F, Tumorsphere diameter was decreased in USP22 knockdown GSC derived from U251 cells, which was rescued by the recombinant pTAT-USP22 protein. Student's t test. ***P < 0.001. Bar, 100 lm QIU ET AL.
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After GFP-BMI1 immunoprecipitation, both the associated WT-USP22 and CI-USP22 were detected. However, BMI1 binding to USP22 was obviously decreased by C185S mutation ( Figure 3A ), which suggests an interaction between USP22 and BMI1 with the affinity, in part, related to the deubiquitination activity. To further investigate whether the effect of USP22 on BMI1 expression is mediated through deubiquitination, we coexpressed GFP-BMI1 and HA-Ub with either WT-USP22 or CI-USP22 in HEK293FT cells.
After GFP-BMI1 immunoprecipitation, we observed that BMI1 was heavily ubiquitinated (lane 1, Figure 3B ). However, WT-USP22 coexpression (not CI-USP22) almost completely abolished BMI1 ubiquitination (lane 2 vs lane 3, Figure 3B ). To test whether USP22 can stabilize BMI1 protein by antagonizing the Ub proteasome pathway, we coexpressed GFP-BMI1 with Flag-USP22 or vector control in HEK293FT cells and examined BMI1 degradation. We found that compared with the WT-USP22 group, GFP-BMI1 protein level in the CI-USP22 group was significantly decreased (lane 2 vs lane 3, Figure 3C) ; however, it can be reversed by the proteasome inhibitor MG132 (lane 4, Figure 3C ). With the use of translational inhibitor CHX to block the synthesis of new proteins, GFP-BMI1 degraded rapidly in HEK293FT cells transfected with a control vector (Figure 3D , upper image). Moreover, WT-USP22 prolonged GFP-BMI1
half-life compared with that in cells transfected with control vector or CI-USP22 ( Figure 3D , lower image). To examine the interaction between endogenous USP22 and BMI1 in glioma cells, we used either USP22 antibody or control IgG-conjugated agarose beads to immunoprecipitate endogenous BMI1 in U251 cells. We found that compared with no BMI1 in the control IgG group ( Figure 3E, lane 1) , F I G U R E 2 Ubiquitin-specific protease 22 (USP22) sustains glioma stemness partially through maintaining B cell-specific Moloney murine leukemia virus integration site 1 (BMI1) expression. A, B, USP22 knockdown downregulated BMI1 protein level in both cell lines. C, D, USP22 knockdown hardly affected BMI1 mRNA level in both cell lines. E, Construction and transduction of pTAT-HA-BMI1 protein in U251 cells were validated by western blot. F, Representative images of the TAT-HA-BMI1 protein rescue effect on the tumorsphere volume in BMI1 knockdown U251 glioma stem-like cells (GSC). Scale bar, 50 lm. G, TAT-HA-BMI1 protein rescue effect on the diameter of USP22 knockdown U251 tumorspheres. Scale bar, 50 lm. Student's t test. ***P < .001 F I G U R E 3 Ubiquitin-specific protease 22 (USP22) deubiquitinates B cell-specific Moloney murine leukemia virus integration site 1 (BMI1) for protein stabilization. A, GFP-BMI1 was coexpressed with Flag-USP22WT or Flag-USP22C185S in HEK293FT cells. Interaction between USP22 and BMI1 was analyzed by immunoprecipitation using Flag antibody. B, GFP-BMI1 and HA-Ub were coexpressed with Flag-USP22WT or Flag-USP22C185S in HEK293FT cells. BMI1 was immunoprecipitated and detected by GFP antibody. BMI1 polyubiquitination was detected by HA antibody. C, GFP-BMI1 was coexpressed with Flag-USP22WT or Flag-USP22C185S in HEK293FT cells. Effect of USP22 on BMI1 stability was analyzed by western blot. GFP-BMI1 protein level in the CI-USP22 group was significantly decreased; however, this phenomenon can be reversed by the proteasome inhibitor MG132. D, GFP-BMI1 was coexpressed with Flag-USP22WT or Flag-USP22C185S in HEK293FT cells. After treating cells with cycloheximide (CHX) for the indicated time intervals, BMI1 and USP22 expressions were analyzed by western blot using GFP and Flag antibodies, respectively. E, Sample was collected from U251 cells for endogenous immunoprecipitation with anti-USP22 antibody. IP sample was analyzed by western blot with antibodies against USP22 and BMI1. F, G, U251 cells were transfected with USP22 or scramble shRNA. After cells were treated with CHX, expressions of endogenous BMI1 and USP22 were analyzed by western blot. BMI1 expression intensity for each time point was quantified by densitometry. Afterwards, the results were plotted endogenous BMI1 was detected in the USP22 antibody group (Figure 3E, lane 2) . To test whether the endogenous BMI1 is also deubiquitinated by USP22 in glioma cells, we knocked down endogenous USP22 in U251 cells pretreated with CHX and found that endogenous BMI1 also became unstable and degraded rapidly ( Figure 3F ,G). These results indicate that USP22 interacts with BMI1
and protects BMI1 from degradation through a deubiquitination mechanism in glioma cells.
| USP22 correlates with BMI1 at the protein level only
As USP22 is required for BMI1 protein stability without affecting its transcription in glioma cells, we also explored the correlation of USP22 and BMI1 at both transcriptional and post-translational levels in clinical glioma samples. Through immunofluorescence staining, we found that both USP22 and BMI1 were not only localized in the nucleus of U251 and U87MG cells, but also shared similar intranuclear expression ( Figure 4A ). By immunohistochemistry (IHC) analysis, we found a significant correlation of regulated genes showed significant enrichment in several core signaling pathways, such as MAPK for co-upregulated genes and neuroactive ligand-receptor interaction and olfactory transduction for codownregulated genes ( Figure 5C ). We first confirmed the fidelity of the microarray results by analyzing the mRNA expression of 9 mutually regulated genes with qRT-PCR, which were tightly associated with glioma stemness or malignancy (Figure 5D ,F; Table S3 ). Subsequently, we investigated the protein expression of 4 out of the 9 genes in U251 cells by western blot and found that the protein level alteration was consistent with mRNA changes in the microarray data ( Figure 5E ). Finally, we further detected the expression of 4 selected targets in the clinically normal or tumor samples and found that the alteration of these candidate downstream genes was also consistent with the result in the microarray validation ( Figure 5G ). In summary, USP22 and BMI1 mutually regulate a broad range of genes involved in glioma stemness and malignancy. 
| DISCUSSION
Disorder of protein control resulting from DUB deregulation usually promotes malignant transformation in various cancers including glioma. [23] [24] [25] In the present study, we again confirm the overexpression of USP22 and its potential value in glioma prognosis ( Figure S2 ), which is consistent with the findings of Liang et al. 26 However, the effect of USP22 on glioma malignancy, especially stemness, as well as the underlying mechanism are still elusive. Herein, we uncover the role of USP22 in maintaining glioma stemness. Higher USP22 expression in stem-like tumorspheres indicates USP22 as a cancer stem-cell marker in glioma. As cancer stemness is critical for malignant behaviors, it may well explain the roles of USP22 in promoting glioma migration and invasion ( Figure S3 ) as well as proliferation and anti-apoptosis. 27 Previous literature has mentioned expressional correlation of USP22 and BMI1 in gastric and liver cancers. 28, 29 In our study, a similar correlation exists in glioma. It is interesting that the correlation of USP22 and BMI1 is at the protein level only and USP22 knockdown hardly affects BMI1 transcription. As BMI1 is a short half-life protein mainly subject to Ub-dependent proteasomal degradation, 30 this suggests that USP22 is probably required for BMI1 stability only. Despite our previous work showing BMI1 stabilization by USP22 in gastric cancer, 31 whether this regulation is dependent on proteasome function and the deubiquitinating enzyme activity of USP22 has not been elucidated. In the present study, by comparing the effect between wild-type and catalytically inactive USP22 in an in vivo deubiquitination assay, we first show that USP22 is a novel deubiquitinase of BMI1, which relies on its enzymatic activity to protect BMI1 from proteasomal degradation.
These findings prompt us to make a further exploration of the common targets of USP22 and BMI1. By microarray analysis, we observed a large overlap in their downstream gene profiles. The 4 selected genes POSTN, HEY2, PDGFRA and ATF3 are all reported regulators of glioma stemness. [32] [33] [34] [35] [36] [37] Hitherto, a series of tumor-suppressor genes have been identified as direct targets of BMI1 in glioma, which is transcriptionally repressed by BMI1 such as CDKN1A, CDKN2A, ALX3, CBX7, GFI1, IL5RA and PTPRD1.
37-39
Hence, we also compared the profile of these genes between BMI1-knockdown and USP22-knockdown cells in the microarray. The results showed that knockdown of USP22 could also upregulate most of these genes to a different extent, which was consistent with the profile of BMI1 inhibition ( Figure S4 ). These findings indicate the presence of a USP22-BMI1 axis to promote glioma malignancy through oncogenic activation by regulating a complicated network of downstream targets. Thus, our study may bring about better understanding of the function and molecular mechanism of USP22 in glioma malignancy. In the future, evidence from patient-derived glioma cells and an orthotopic implantation xenograft model will provide further compelling support for our study.
To conclude, USP22 is a novel deubiquitinase of BMI1 with pivotal roles in glioma stemness and tumorigenesis. We uncover a USP22-BMI1 axis, which promotes glioma malignancy through oncogenic activation of a series of gene targets. Considering BMI1 regulation by USP22 in other malignancies, 28, 29, 31 we speculate a common existence of the USP22-BMI1 axis in cancers. Hence, targeting the USP22-BMI1 axis may not only be a promising alternative approach to treat glioma, but may also be used to treat other types of cancer.
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